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Abstract 
 
The main objectives of the present study were to 1) reassess the level of genetic variation 
in D. cespitosa populations from three regions contaminated or uncontaminated with metals in 
Northern Ontario; 2) determine the degree of toxicity of nickel and copper in D. cespitosa 
genotypes; and 3) investigate cytological damages caused by metals in D. cespitosa plants 
growing in Northern Ontario.  An insignificant change in the overall percent of polymorphic loci 
in populations from Little Current and Cobalt Cart Lake was found.  On the other hand, a 
significant decrease was seen in the Coniston/Wahnapitae and Cobalt Nipissing Tailings sites.  
The degree of genetic relatedness among the populations has increased, compared to data from 
the analysis of samples 16 years ago.  This strengthens the earlier theory that Sudbury 
populations of D. cespitosa might be from the Cobalt region. 
The degree of toxicity of nickel and copper in D. cespitosa was investigated under 
controlled conditions.  It was found that copper is more toxic than nickel.  Neither copper nor 
nickel caused damage to plants at low rates of 5.6 and 9.16 mg/kg respectively, corresponding to 
the bioavailable amounts.  Higher dosages (1600 mg/kg) of nickel and (1312 mg/kg) copper 
equivalent to total elements in site, caused significant damages to plants. 
Cytological analysis for D. cespitosa revealed significant mitotic disruption from long 
term exposure of roots to high levels of metal frequently manifested through aneuploidy in 
metal-contaminated sites when compared to the reference sites.  All plants from contaminated 
areas exhibited varying degrees of mixoploidy compared to the reference sites.  These high 
levels of mitotic abnormalities did not seem to affect D. cespitosa survival and growth in highly 
metal-contaminated sites. 
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Chapter 1: Literature review 
1.1  Metal Contamination in Northern Ontario 
 Metal contamination is the increase in the metal content of an area due to the deposition 
of metal-containing materials.  This deposition is often facilitated by air and water movement, as 
well as anthropogenic activities (Alloway et al., 1990; Freedman and Hutchinson, 1980; 
Hutchinson and Whitby, 1972).  While these metals are needed in low quantities for life 
processes (Arnon and Stout, 1939; Alloway et al., 1990; Prohaska, 2011; Vaidyanathan et al., 
2013), once their abundance exceeds a threshold, they can cause detrimental effects on living 
organisms (Lin and Kao, 2005; Chibuike and Obiora, 2014; Freedman and Hutchinson, 1980; 
Hutchinson and Whitby, 1972).  This threshold can change based on a number of factors 
including pH, organic matter content, and moisture levels of soil along with the plant species 
being exposed to metals (Alloway et al., 1990; Shabala, 2017). 
 Both the Greater Sudbury Region and the Cobalt area have been affected greatly by long 
periods of metal contamination.  These regions were home to mines whose activities caused 
contamination of surrounding environments (Adamowicz, 2014; Dumaresq, 2009; Freedman and 
Hutchinson, 1980; Hutchinson and Whitby, 1972; Winterhalder, 1996).  This resulted in severe 
metal-induced stress on plant-life, leading to a significant decrease in plant growth and survival 
rates (Freedman and Hutchinson, 1980; Hutchinson and Whitby, 1972). 
 In Sudbury, the discovery of the metal deposit occurred in the 1880’s and the peak daily 
production was 50,000 tonnes of ore (Winterhalder, 1996).  The main metals of interest were 
copper and nickel, which had to first be separated from the pentlandite via extreme long-term 
heating to melt the metals off the rock.  Initially, this process was done on huge roast-beds where 
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several tonnes of ore were placed.  The whole pile was then ignited and left to burn for several 
months.  The cooled metal globules were then collected from the ashes for further processing 
(Winterhalder, 1996; Courtin, 1994). 
 After 1930, the heating and separation process was performed by centralized smelters 
which were safer for the environment than the roast-beads (Nriagu et al., 1982; Courtin, 1994).  
Although the use of a smelter restricts environmental contamination from direct spoil and water 
contact with the piles, the chimneys from the smelting operations aerosolize sulfur dioxide and 
metal particulates (Freedman and Hutchinson, 1980; Winterhalder, 1996; Courtin, 1994).  These 
harmful emissions then travel through the air and affect environments at great distances from the 
central smelting operation (Nriagu et al., 1982; Abedin and Spiers, 2006; Freedman and 
Hutchinson, 1980; Hutchinson and Whitby, 1972).  Atmospheric sulfur dioxide and metal 
contamination from both procedures have caused the fall of acid rain (Summers and Whelpdale, 
1976), lowering the pH and harming plant life.  This loss of plant life either directly via 
clearcutting or through metal contamination and acid rain, led to erosion and direct loss of the 
top layer of the soil rich in micronutrients (Lautenbach et al., 1995; Courtin, 1994; Winterhalder, 
1996; Gunn et al., 1995). 
 In Cobalt, a large native silver vein deposit was identified in 1903.  It had an estimated 
richness of 12%, with the initial mining operation spanning three decades (Adamowicz, 2014; 
Dumaresq, 2009).  The main ores of interest in the region were the native silver and erythrite, 
along with small amounts of niccolite (Percival et al., 2007, Dumaresq, 2009).  The latter three 
ores contain either high arsenic or sulfide content bonded with the desired material.  Excavation 
of the surface deposit was done primarily by picks and compressed air drilling, with the ore 
being processed at first  via gravity concentrated milling, with later technologies including 
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cyanide milling, floatation separation, and the mercury amalgam processing of the Nipissing 
High Grade Mill (Adamowcz, 2014; Dumaresq, 2009).  The tailings from such procedures were 
deposited in and around the surrounding waterways, further releasing metals and sulfur 
compounds into the environment.  Cobalt’s operations greatly increased the rate of arsenic 
leeching and metal contamination in the surrounding area, and the resulting stress on plant life 
limited species survival and growth. 
 As a result of mining-related activities, both the Cobalt and Greater Sudbury regions have 
high total levels of metal concentrations in soil (Nkongolo et al., 2001, 2008; Nriagu et al., 
1998).  Nkongolo et al. (2001) found that sites in the Cobalt area had high levels of arsenic, lead, 
zinc, cadmium, cobalt, aluminum and nickel while Sudbury region was predominantly 
contaminated with nickel, copper, aluminum, lead, and cobalt to varying degrees.  In both 
regions, the metal concentrations measured were much higher and significantly different than the 
levels observed in the control sites on Manitoulin Island. 
1.2 Nickel and Copper Toxicity 
Nickel and copper are micronutrients that are essential to certain life processes (Eskew et 
al., 1984; Arnon and Stout, 1939).  However, the essential intake of copper has been shown to be 
higher relative to nickel, with the incidence of micronutrient deficiency for copper far more 
common (Alloway, 1990).  On contaminated sites, total levels of Cu and Ni can be hundreds of 
times their normally observed concentrations (Nkongolo et al., 2001; Cox and Hutchison, 1993; 
Friedlová, 2010). 
 Nickel is usually found in trace concentrations in soil.  However, in regions where the 
rock formations nearby contain nickel, the concentrations can be many times higher (Yadav, 
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2010; Nkongolo et al., 2001; Cox and Hutchinson, 1993).  At such concentrations, exposure has 
been recorded to cause chlorosis and necrosis in plants, as well as the disruption of membranes 
and their proteins through competitively binding sites over the needed metal (Alloway, 1990; 
Yadav, 2010; Lin and Kao, 2005; Bhalerao et al., 2015). 
 Copper is an essential micronutrient in living organisms (Alloway, 1990; Prohaska, 
2011).  It can readily accept and donate electrons in the electron transport chain.  Copper also 
plays a key role as a cofactor in the activation of many enzymes, in addition to being a core 
component of plastocyanin (Yadav, 2010; Shabala, 2017) in plant photosystems.  It plays a key 
role in iron metabolism and the regulation of protein-synthesis related gene expression by 
oxidizing the iron and controlling oxidative stress respectively.  Zinc is known to limit copper 
uptake and blinding sites (Shabala, 2017; Alloway, 1990), causing copper deficiency even if 
ample copper is available in the surroundings.  Deficiency symptoms include dieback of shoots 
and buds, stunting, pale or yellow leaves, and withering (Shabala, 2017).  However, the required 
concentration of copper is fairly low and is not usually a problem unless the zinc concentration 
of the area increases.  At high concentrations, copper will induce symptoms that include 
chlorosis and growth retardation (Yadav, 2010). 
 Uptake of contaminants by plants and their mechanisms have been studied by several 
researchers (Tangahu et al., 2011; Mehes –Smith et al., 2013; Kalubi et al., 2015). Plants can act 
as both accumulators and excluders. The accumulators are able to survive despite the high 
concentrations of metals that are contained in their aerial shoots. They biotransform the 
contaminants into inert forms within their tissues. The excluders limit contaminant uptake into 
their aerial biomass. Plants have developed specific mechanisms to translocate and store 
micronutrients. These mechanisms are involved in the uptake, translocation and storage of toxic 
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elements (Mehes et al., 2013). Recent field studies have shown that D. cespitosa growing in the 
GSR does accumulate metals in roots but restricts their translocation to aerial biomass (Mehes-
Smith et al., 2013).   
1.3  Deschampsia cespitosa 
 Deschampsia cespitosa (Tufted hairgrass) is one of the few species which grows on some 
of the most metal contaminated sites after the mining operations in Greater Sudbury and Cobalt 
(Mehes-Smith, 2013; Gunn et al., 1995).  Detailed classification of this species can be found in 
the 2017 USDA NRCS database.   
 Deschampia cespitosa belongs to the kingdom Plantae, subkingdom Tracheobionta, 
supervision Spermatophyta, division Magnoliophyta, class Liliopsida, subclass Commelinidae, 
order Cyperales, family, Poaceae/Gramineae, genus Deschampsia P. Beauv., species cespitosa.  
The species name has many synonyms and common names including blue-green hair-grass, 
fescue-leaved hairgrass, salt and pepper grass, tussock grass, and canche cespiteuse (St. John et 
al., 2011).   
 This grass is a perennial that grows between 20 and 155 cm tall.  It has many subspecies 
and its leaf width, ligule height, and spikelet height can vary quite a bit.  The leaf sheath is 
usually scabrous but can be smooth, with 3-7.5 mm ligules.  The leaves themselves are flat or 
folded and quite fibrous, with toothed nerves on the upperside of the blades giving them a rough 
texture typical of cespitosa.  Its panicle is very open and 5-50 cm long.  Spikelets are purpleish 
and the two glumes are either glabrous or scaberulous and acute (fibrous and individual roots are 
usually 20 cm in length, with the aforementioned leaf system being usable as forage early in the 
year when still tender).  D. cespitosa can be found around the world, usually in temperate regions 
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(USDA Forest Service Fire Effects Information System).  It most frequently inhabits marshy 
areas, however its habitat range includes marginal and nutrient-rich soils, moist to semi-flooded 
areas, and coarse to fine textured substrates.  It can grow in elevations ranging from sea-level to 
14000 feet on soil of pH 3.5 to 7.5, although it is not overly salt- tolerant.  There are roughly 20 
listed subspecies variants (USDA Forest Service Fire Effects Information System). Some of the 
variants are cultivars developed for use on golf courses or for landscaping purposes.  Other 
variants are used as pasture in marginal climates and planted for restoration and reclamation 
purposes (St. John et al. 2011, VSDA Forest Service Fire Effects Information System). 
1.4  Effect of metals on genetic variation  
Genetic diversity encompasses all genetic characteristics in a species or population’s 
genetic pool (Roy et al., 2015).  The higher the level of genetic variation, the better the species 
can adapt to changing environmental conditions.  Selective pressures, such as metal stress, can 
cause potentially resistant species to adapt and to survive stressors.  However, in the process of 
doing so, a population can inadvertently eliminate other alleles from the gene pool.  This loss of 
diversity can reduce the future adaptation potential of the population (Nei et al., 1975; Gunn et 
al., 1995).  Hence, it is important to monitor the genetic diversity of species or populations.  
When populations are under anthropogenic influence, knowledge of genetic variation levels 
allows one to assess the effects of potential stressors and evaluate remediation efforts (Nkongolo 
et al., 2013). 
The most accurate approach to determining genetic variation involves the use of 
molecular markers (Bornet et al., 2002; Costa et al., 2016; Godwin et al., 1997; Kalubi et al., 
2015; Mehes et al., 2007; Nkongolo et al., 2014; Theriault et al., 2013; Williams et al., 1990; 
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Yeh et al., 1997; Zietkiewicz et al., 1994).  Since they are based on the specific innate genetic 
information of individuals in the population, environmental factors themselves will not modify 
the results of the screening (Williams et al., 1990) and modern molecular markers do not require 
meticulous recorded knowledge of the sampled individual’s lineage in order to track variation.  
There are many different molecular markers, each having its pros and cons in terms of 
specificity, reproducibility, cost, speed, sensitivity, and amount of genetic material necessary to 
perform the screening (Goodwin et al., 1997).  The most common molecular markers include 
Restriction Fragment Length Polymorphism (RFLP), Amplified Fragment Length Polymorphism 
(AFLP), Random Amplification of Polymorphic DNA (RAPD), Variable Number Tandem 
Repeat (VNTR), Simple Sequence Repeat (SSR) [also referred to as Short Tandem Repeat 
(STR)], Single-nucleotide polymorphism (SNP), and Inter Simple Sequence Repeats (ISSR).  
1.5  Molecular markers 
The first assessments of genetic diversity were done using data from the observation of 
phenotypic characteristics.  Gene expression would be tracked and recorded, sometimes over 
generations to determine the transmission and heredity of a trait.  However, phenotypes can be 
influenced by the environment, which leads to inconsistent observations and inaccurate results.  
These environment-based phenotypic changes are referred to as plasticity (DeWitt et al., 1998).  
This plasticity allows an organism to survive in a greater variety of environments, but in 
exchange it would not be as competitive as other organisms which are less plastic and better 
adapted for a specific environment.  Due to their inability for mobility to avoid certain 
unfavourable conditions, plants often have more plastic genomes (DeWitt et al., 1998; Mehes-
Smith and Nkongolo, 2015) which made phenotypic tracking of diversity less precise.  
Development of another tracking system was necessary. 
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The first molecular markers targeted proteins and used the antigen-antibody reactivity 
method to measure the specificity of the reaction (Prager and Wilson, 1971).  Using this method, 
the relatedness, also called immunological distance, of proteins with similar function could be 
measured.  However, this technique is limited to expressed proteins.  Cases where the recessive 
genotype was present but completely masked could not be assessed.  This changed after the 
development of DNA-based molecular markers, which used the genetic material itself to check 
for the presence of a trait or the relatedness of two samples.   
 The first technique, RFLP, utilized restriction enzymes to cleave the DNA sample into 
pieces.  The solution is loaded onto an agarose gel for primary separation followed by a southern 
blot for perpendicular separation to observe the banding patterns after exposure to a radioisotope 
(Jeffreys, 1987).  The discovery of this procedure in 1987 was a turning point in genetics, since it 
facilitated the direct comparison of inheritance and closely related individuals based on their 
genomic DNA without knowing the specific sequence.  However, the long procedure and large 
amounts of DNA necessary made the procedure less attractive.  PCR – based methods were then 
developed.  PCR is the main method for detecting and isolating VNTRs in genomes. 
 AFLP utilizes restriction enzymes and incorporates the PCR procedure and knowledge of 
the resulting sequences of the cut end to amplify only a portion of the fragments.  Many loci can 
be analysed with very high accuracy at one time with few artifacts using this technique (Zabeau 
and Vos, 1993; Meudt and Clarke, 2007).  While prior sequence information is not required, a 
large amount of high-quality DNA from the sample is. 
Traditionally, RAPD was the marker of choice when estimating polymorphism in species 
with unexplored genomes due to its use of randomly generated primer sequences and low cost 
(Williams et al., 1990) with the main prerequisites being the GC content and not being a 
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palindrome of itself.  However, the short primer length leads to specificity issues in cases where 
the experimental conditions are not stringently kept consistent (Costa et al., 2016; Williams et 
al., 1990).  Artifact bands are often produced in cases where conditions change between runs. 
VNTR stands for Variable Number of Tandem Repeats, and it falls under the subcategory 
of markers composed of repeated units just like SSR (Short Sequence Repeat) markers.  SSRs 
are microsatellites which are 2-5bp in length, while VNTRs are 10-100bp long.  Both VNTR and 
SSR sequences are highly conserved, with the polymorphic marker being the number of repeats 
of the base bp sequence at a particular locus that a sample contains in comparison to another.  
Both techniques are extremely useful in fingerprinting individuals with high accuracy using their 
DNA, but prior sequence knowledge and a large bank of the markers with their loci is required 
for their use (Costa et al., 2016). 
SNP or Single Nucleotide Polymorphism is a single base pair change in the sequence at a 
locus.  They are quite rare, but the changes are heritable and could be used for fingerprinting.  
However, there is a reasonable possibility of the convergent evolution of the same SNP in 
multiple individuals.  For accuracy of use in fingerprinting, many SNPs would need to be 
screened individually.  The technique is used when screening for diseases where a SNP would be 
a causality, to aid in diagnosis. 
ISSR technique combines the speed and low cost of RAPD with the increased specificity 
of SSR due to ISSR primer design incorporating inverted microsatellite sequences for enhanced 
binding specificity (Zietkiewicz et al., 1994).  ISSR markers are primer sequences of 16-25 bp 
long that flank the sequences they amplify (Zietkiewicz et al., 1994).  Their relatively long 
primer length enables higher annealing temperatures, which increases primer specificity and 
reproducibility of the results (Costa et al., 2016) in comparison to other molecular techniques.  In 
10 
 
addition, the specific genome sequence of the screened individual does not need to be known 
(Bornet et al., 2002; Costa et al., 2016; Mehes et al., 2007; Nkongolo et al., 2014) and more than 
one loci can be screened simultaneously.  Such a primer design restricts amplification to the 
coding region of the genome (Bornet et al., 2002; Costa et al., 2016), compared to the former 
method (RAPD) which can amplify both regions with mutually exclusivity if another site is 
nearby.  RAPD primers also do not always amplify the most polymorphic sites due to the 
aforementioned reason (Costa et al., 2016). 
Hence, due to its high reproducibility, cost efficiency, and speed of testing (Bornet et al., 
2002; Costa et al., 2016; Zietkiewicz et al., 1994), ISSR is usually the marker of choice in 
studies involving species whose sequence is not known, allowing one to fingerprint and 
differentiate (Bornet et al., 2002; Kalubi et al., 2015; Nkongolo et al., 2014) population banding 
trends of otherwise closely related individuals.  ISSR was therefore used to assess genetic 
variability in the present study. 
1.6.  Effects of metals on plant cytology 
The effects of metal on mitotic and meiotic behaviors are not well documented in plants. 
Patel and Patel (2010) reported an increase in aberrant cells in Trigonella foenum-garecum as the 
dose of zinc increased. Other studies have demonstrated a decrease in mitotic frequency and an 
increase in the number of chromosomal abnormalities when some plant species are exposed to 
acute doses of metals or a chronic exposure to subtoxic doses.  There are no published reports on 
the effects of long term exposure of plants to metals in natural stands on cytological features. 
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1.7.  Objectives 
The main objectives of this study are to 1) reassess the level of genetic variation in D. 
cespitosa from three regions contaminated or uncontaminated with metals in Northern Ontario; 
2) determine the degree of toxicity of nickel and copper on D. cespitosa; and 3) investigate 
cytological damages caused by metals in D. cespitosa growing in Northern Ontario.   
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Chapter 2: Reassessment of molecular variation in isolated populations of Deschampsia 
cespitosa from metal contaminated regions in Northern Ontario (Canada) after 16 years of 
potential genetic recombination 
2.1 Abstract 
The effects of ore extraction and processing procedures in the Greater Sudbury and 
Cobalt regions have been long-lasting. The objective of this study is to determine the current 
level of genetic variation in Deschampsia cespitosa populations from metal contaminated and 
uncontaminated sites in samples collected in Northern Ontario in 2015 after 16 years of potential 
genetic recombination since the last study in 1999. D. cespitosa leaf samples collected from the 
City of Greater Sudbury (CGS), Cobalt, and Little Current were analyzed using ISSR primers.  
The levels of genetic variation were moderate to high within targeted populations. No significant 
difference was observed in the overall percent of polymorphic loci in metal – uncontaminated 
site of Little Current (from 70% in 1999 to 77% in 2015) and in a Cobalt Cart Lake site (from 
48% in 1999 to 55% in 2015).  But a significant decrease in genetic variation was observed in 
CGS Wahnapitae site (from 72% in 1999 to 54% in 2015). On the other hand, a significant 
increase was observed in Cobalt Nipissing (from 46% in 1999 to 64% in 2015). The Kelly Lake 
site in the CGS with the lowest level of polymorphic loci (42.5%) in 2015 was not surveyed in 
1999. The degree of genetic relatedness among sites has increased since the populations are more 
genetically closely related than 16 years ago. No population-specific ISSR marker was identified. 
The clustering of Cobalt and Sudbury populations strengthens the earlier theory that Sudbury 
populations of D. cespitosa might be from the Cobalt region. 
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2.2 Introduction 
The effects of ore extraction and processing procedures on the aquatic and terrestrial 
ecosystems in the Greater Sudbury and Cobalt regions have been long-lasting. In Sudbury, the 
roasting and smelting of sulfur-rich pentlandite and niccoline ores reduced the soil pH through 
acidic precipitation  and spread airborne metal particulates in the region (Amiro and Courtin, 
1981; Dudka et al., 1995; Gratton et al., 2000; Nkongolo et al., 2013). The predominant ore was 
erythrite in the Cobalt region’s operations with the environmental impact tied primarily to the 
deposition on the tailings that has contaminated the surrounding soils with metals (Percical et al., 
2007; Adamowicz 2014; Dumaresq, 1993). Changes in pH and elevated metal concentrations 
induce stress and limit plant growth, leading to erosion and the leaching of nutrients in the soils 
of the area (Winterhalder, 1996; Spiers et al., 2012; Nkongolo et al., 2013). While both regions 
have undertaken restoration efforts which include liming, seeding, and capping, total levels of 
metals on-site are still  high (Percical et al., 2007; Adamowicz 2014; Nkongolo et al., 2013, 
2016).  
Selective pressures such as metal stress can cause potentially resistant species to adapt to 
these challenging conditions. Over time, a population can inadvertently eliminate other alleles 
from its gene pool. This loss of diversity can reduce its adaptation potential in the future 
(Mejnartowicz, 1983; Mengoni et al., 2001; Deng et al., 2007; Gervais and Nkongolo, 2011). It 
is therefore important to monitor the level of genetic variation within and among populations. 
This will be useful in assessing the effects of potential stressors and the sustainability of 
reclaimed ecosystems. 
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ISSR is a reproducible nuclear marker that can be used when the sequence of the species 
being tested is not known (Nagaoka and Ogihara, 1997; Nkongolo et al., 2005, 2016), allowing 
one to fingerprint and differentiate closely related populations (Raina et al., 2001; Nkongolo et 
al., 2003, 2005).  It can be used to study polymorphism and assess genetic variability which can 
shift over generations. 
Dechampsia cespitosa is a cosmopolitan grass and is found in damp habitats and has 
colonized disturbed microsites in Cobalt and Sudbury. Nkongolo et al. (2001) and Gervais and 
Nkongolo (2011) assessed genetic variation within and among D. cespitosa populations from 
Northern Ontario. They found a low level of polymorphic loci in samples collected in 1999 from 
cobalt compared to samples from Sudbury. The highest level of genetic variation was observed 
in samples from metal uncontaminated sites (Gervais and Nkongolo, 2011). 
The objective of this study is to determine the current level of genetic variation in D. 
cespitosa populations from metal contaminated and uncontaminated sites in samples Northern 
Ontario in 2015 after 16 years of genetic recombination. 
2.3 Materials and Methods 
2.3.1 Sampling 
D. cespitosa leaves were collected from five populations in Northern Ontario (Cobalt, 
Manitoulin Island, and Sudbury). The sampling site locations are illustrated in Figure 1. Two 
sites were in the town of Cobalt in the district of Timiskaming. They include Cobalt 1 and Cobalt 
3, which refer to the Nipissing Tailings (CNT) and Cart Lake Tailings respectively (CLT). The 
Sudbury area samples were from Wahnapitae (Wah) and Kelly Lake (KL) sites, while the 
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uncontaminated control site was from Little Current (LC) on Manitoulin Island. With the 
exception of Kelly Lake, all the sites were surveyed in 1999. For each site, about 10 % of the 
populations were collected. Leaf materials from each mature individual were wrapped in 
aluminum foil, flash-frozen and stored at -20 
o
C until DNA extraction.
 
Figure 1. Map showing study sites where D. cespitosa samples were collected.  1: Cobalt-1 
(Nipissing Tailings); 2: Cobalt-3 (Cart Lake Tailings); 3: Wahnapitae; 4: Kelly Lake; 5: Little 
Current. 
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2.3.2 DNA Extraction 
Genomic DNA extraction was performed using the CTAB extraction protocol as 
described by Mehes et al. (2007). This protocol is a modified version of the procedure outlined 
in Doyle and Doyle (1987). The following modifications were applied: the addition of 1% 
polyvinyl pyrrolidone (PVP) and 2% β-mercaptoethanol to the cetyl triethylammonium bromide 
(CTAB) buffer solution, the addition of two chloroform centrifugation steps of ten minutes each 
prior to the isopropanol spin, and the removal of the RNAse step. The extracted DNA was then 
stored in the freezer at -20
o
C until further analysis. 
2.3.3 Degradation analysis and DNA Quantitation 
The condition and intactness of the DNA samples was tested via gel electrophoresis on 
1% agarose gels in 0.5x Tris-Borate-EDTA (TBE) that was pre-stained with 1 μL of ethidium 
bromide. All wells were loaded with 6 μL of solution (1 μL of 6x loading buffer combined with 
5 μL of stock DNA). The two flanking wells of each gel were loaded with 1Kb+ ladder, and then 
the gel was then run at 64 V for 90 minutes. Gels were visualized under a ultra-violet light 
source, documented with Bio-Rad Chemidoc XRSTM system, and analyzed with Image Lab 
Software version 4.1. 
All samples that did not demonstrate clear banding were subjected to an additional 
chloroform centrifugation step, and then re-run on agarose gels for a reassessment of the DNA 
quality. 
DNA quantification was performed based on the Bio-RadTM quantitation kit’s 
fluorochrome Hoechst procedure (catalog # 170-2480). The dye mixture was comprised of 4 μL 
of 10 mg/mL of Hoechst dye, 2.0 mL of 10xTEN Assay Buffer, and 17.996 mL of ddH2O per 
well. A standard curve was produced using known concentration stock solutions of calf thymus 
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DNA of 100 ng/μL and 10 ng/μL. From the 100 ng/μL standard, the following volumes were 
used: 10 μL and 5 μL to make a 1000 ng and 500 ng point on the curve. Four more points were 
added to the curve using 10 μL (100 ng), 5 μL (50 ng), 2 μL (20 ng), and 1 μL (10 ng) of the 10 
ng/μL stock calf thymus solution. All extracted DNA samples (2 μL) and standards were 
incubated in duplicate to check consistency. DNA fluorescence intensity was measured using the 
fluorescence detection setting of the BMG LABTECH FLUOstar OPTIMA microplate multi-
detection reader. Using the quantification data, 500 μL of standardized 5 ng/μL DNA solution 
was prepared for each individual of each population from the stock extracted DNA. 
2.3.4 ISSR Analysis 
The six primers that were used in the analysis of the 1999 samples were selected for this 
ISSR analysis (Gervais and Nkongolo, 2011). They include: ISSR 17898B, UBC818, UBC 827, 
UBC 835, and UBC 841 (Table 1). PCR amplification was carried out as described in Mehes et 
al. (2007) with modifications.  A solution of 25 μL total volume containing a master mix of 8.9 
μL distiller water, 5 μL MgSO4, 2.1 μL 10x buffer, 0.5 μL dNTP mix (equal parts dTTP, dATP, 
dCTP, and dGTP), 0.5 μL of the ISSR primer being screened, a Taq mix of 3.475 μL distilled 
water, 0.4 μL 10xbuffer and 0.125 μL Taq polymerase (Bio Basic Inc.) and 4 μL standardized 
DNA. A negative control of master mix and Taq mix without any DNA were used. All samples 
were covered with one drop of mineral oil to prevent evaporation and amplified with the 
PERKIN ELMER DNA Thermal Cycler. The program was set to a hot start of 5 minutes at 95
o
C 
followed by 2 minutes at 85
o
C at which time the Taq mix was added. In total, 42 cycles of 1.5 
minutes at 95
o
C, 2 minutes at 55
o
C, and 1 minute at 72
o
C were performed. A final extension of 7 
minutes at 72
o
C completed the reaction, after which samples were removed from the 
thermocycler, cooled in ice then kept at -20
o
C in a freezer until further analysis. 
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Amplified DNA products were separated on a 2% agarose gel in 0.5 x TBE containing 
ethidium bromide. This was followed by an addition of 5 μL of 6x loading buffer to each PCR 
product tube; and 10 μL of this solution was loaded into wells in a gel. The gel was run at 64 V 
for 120 minutes and then documented with a Bio-Rad ChemiDoc XRS system and analyzed 
using Image Lab (ver, 4.1) SoftwareTM. 
The ISSR bands on each gel were scored as either present (1) or absent (0). Popgene 
software version 1.32 was used to determine percentage of polymorphic loci, observed and 
effective number of alleles, Nei’s gene diversity and Shannon’s information index. The genetic 
distances were calculated using Jaccard’s similarity matrix with FreeTree version 0.1.9.50. A 
dendrogram was produced using the Jaccard similarity coefficients using TreeViewX, with 
patristic distance to scale branch lengths based on the neighbor-joining analysis from FreeTree 
version 0.1.9.50. 
2.4 Results 
2.4.1 ISSR Analysis 
Detailed characteristics of the six selected primers are described in Error! Switch 
argument not specified..  Figure 2 to Figure 5 exemplify the amplified products.  Total number 
of bands varied from 73 to 83, with band sizes ranging from 200 to 1700 bp. 
2.4.2 Genetic Diversity 
Using Popgene Software version 1.32 (Yeh et al. 1997), Table 2 describes the percentage 
of polymorphic loci (%), the observed number of alleles (Na), the expected number of alleles 
(Ne), Nei’s gene diversity (h), and Shannon’s information index (I). The mean of total gene 
diversity (HT) value was 0.35 and the gene diversity between populations (HS) was 0.22. The 
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mean population differentiation (Gst) value was 0.37 and the estimated gene flow (Nm) was 
found to be 0.86. The mean of inter-population polymorphism was 98.8%.  
Within each population, the levels of genetic variation were moderate to high. In the 
present study, the percentage of polymorphic loci varied between 42.5% (Kelly Lake) and 77.0% 
(Little Current). Specifically, the highest level of genetic variation was observed in samples from 
metal uncontaminated site (Little Current). The two metal contaminated sites from the CGS had 
a low to moderate level of genetic variation with the level of polymorphic loci being 42.5% for 
Kelly Lake and 54 % for Wahnapitae site. Surprisingly, for Cobalt, the genetic variation was 
moderate in Cobalt Cart lake (55%) compared to a high genetic variation (69%) observed in 
samples collected in Cobalt Nipissing. 
The observed number of alleles ranged from 1.42 (Kelly Lake) to 1.77 (Little Current) 
with a mean of 1.595. The expected number of alleles ranged from 1.28 (Kelly Lake) to 1.51 
(Little Current) with a mean of 1.387. Nei’s gene diversity, h, ranged from 0.16 (Kelly Lake) to 
0.28 (Little Current) with a mean of 0.22. Shannon’s information index revealed a range between 
0.23 (Kelly Lake) and 0.42 (Little Current with a mean of 0.325) (Table 2). 
Genetic distance among sites were estimated based on 0 (identical populations) to 1 
(completely different populations) scale. Overall, all the five populations are genetically closely 
related since the genetic distance values vary between 0.048 and 0.264 (Error! Switch argument 
not specified.). The lowest value of 0.048 was observed between the Cobalt-Cart Lake and 
Wahnapitae sites, suggesting that they are the most closely related of the sampled sites.  The 
genetic distance value (0.048) between Cobalt-Cart Lake and Wahnapitae was the lowest which 
suggests that they are the closest genetically related. Hence, the population clustering based on 
ISSR data was not associated with geographic distances.  The dendrogram generated shows that 
20 
 
all the metal contaminated sites cluster together with the uncontaminated site (Little Current) 
being separate from the cluster with 100% degree of confidence (Figure 6). No population 
diagnostic markers were found between metal contaminated and uncontaminated sites.  
 
Table 1. Primer nucleotide sequences used to produce ISSR profiles by genomic DNA 
amplification from five populations of Deschampsia cespitosa. 
Primer 
Identification 
Nucleotide sequence (5’  3’) Amplification Fragment size 
range (bp) 
ISSR 17898B CACACACACACAGT Good 260-1200 
 
UBC 818 CACACACACACACACAG Good 250-1560 
 
UBC 827 ACACACACACACACACG Good 290-1330 
 
UBC 835 AGAGAGAGAGAGAGAGYC Good 200-1400 
 
UBC 841 GAAGGAGAGAGAGAGAYC Good 220-1700 
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Figure 2. Sample ISSR amplification of D. cespitosa with primer UBC 818.  The flanking lanes 
(1 and 31) contain 1Kb+ ladder, lanes 2 to 30 samples from Cobalt 3 (Cart Lake), Little Current, 
Cobalt 1 (Nipissing Tailings), Wahnapitae, and Kelly Lake. 
 
Figure 3. Sample ISSR amplification of D. cespitosa with primer UBC 841.  The flanking lanes 
(1 and 40) contain 1Kb+ ladder, lanes 2 to 39 samples from Cobalt 3 (Cart Lake), Little Current, 
Cobalt 1 (Nipissing Tailings), and Wahnapitae. 
22 
 
 
Figure 4. Sample ISSR amplification of D. cespitosa with primer UBC 835.  The flanking lanes 
(1 and 40) contain 1Kb+ ladder, lanes 2 to 39 samples from Cobalt 3 (Cart Lake), Little Current, 
Cobalt 1 (Nipissing Tailings), Wahnapitae, and Kelly Lake. 
 
Figure 5. Sample ISSR amplification of D. cespitosa with primer UBC 827.  The flanking lanes 
(1 and 40) contain 1Kb+ ladder, lanes 2 to 31 samples from Kelly Lake, Wahnapitae, Cobalt 1 
(Nipissing Tailings), and Little Current. 
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Table 2. Genetic Diversity values for five D. cespitosa populations from Northern Ontario. 
 Na Ne H I P (%) 
Cobalt Nipissing Tailings 
(Cob1) 
1.6897 1.4108 0.2371 0.3543 68.97 
Cobalt Cart Lake (Cob3) 1.5517 1.4112 0.2257 0.3270 55.17 
Wahnapitae 1.5402 1.3249 0.1892 0.2826 54.02 
Kelly Lake 1.4253 1.2830 0.1607 0.2366 42.53 
Little Current 1.7701 1.5095 0.2878 0.4241 77.01 
Mean 1.5954 1.3879 0.2201 0.3249 59.54 
Genetic diversity descriptive statistics.  Na: observed number of alleles; Ne: expected number of 
alleles; H: gene diversity; I: Shannon’s information index; P: percentage of polymorphic loci. 
 
 
Table 3. Distance matrix generated using the neighbor-joining analysis using Deschampsia 
cespitosa ISSR data (FreeTree version 0.1.9.50). 
 1 2 3 4 5 
1 0.000 0.149 0.172 0.264** 0.169 
2  0.000 0.048* 0.186 0.174 
3   0.000 0.167 0.176 
4    0.000 0.207 
5     0.000 
 
1 represents D. cespitosa Cobalt-1 population (Nipissing Tailings); 2 D. cespitosa Cobalt-3 population 
(Cart Lake); 3 D. cespitosa Wahnapitae population; 4 D. cespitosa Kelly Lake population; 5 D. cespitosa 
Little Current population. 
* Most genetically similar (Cobalt-3 and Wahnapitae). 
** Most genetically different (Cobalt-1 and Kelly Lake). 
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Figure 6. Dendrogram of the genetic relationships between the five D. cespitosa populations 
from Northern Ontario using the Jaccard neighbor-joining similarity matrix from ISSR profiles.  
Branch lengths are to scale and show the patristic distance based on the neighbor-joining 
analysis. Values within branches indicate bootstrapping percentages.   
 
2.5 Discussion 
Data related to metal content for the five targeted sites have been discussed in previous 
reports (Nkongolo et al., 2001; Nkongolo et al., 2015; Kalubi et al., 2016).  Nickel and copper 
are the main contaminants of soil in the Greater Sudbury region including the Wahnapitae and 
Kelly Lake areas while cadmium, cobalt, copper, lead, zinc and to some extent nickel, are found 
in high concentration in Cobalt sites.  Little Current is among the least metal-contaminated and 
was used as reference for this study (Nkongolo et al., 2001). 
It is expected that genetic variance will increase when the population is challenged with 
novel environmental conditions (Service and Rose, 1985; Holloway et al., 1990). If resistance to 
25 
 
metal is a polygenic trait as suggested by Von Frenkell-Insam and Hutchinson (1993) and 
MacNair (1993), it is very likely that allelic frequency in an outcrossing and perennial species 
like D. cespitosa will be maintained over time resulting in a neutral genetic variation (Gervais 
and Nkongolo, 2011). 
Resistant plants can develop if the toxic stress continues at a sublethal level for many 
generations (Nkongolo et al., 2001; Gervais and Nkongolo, 2011). A decrease in genetic 
variation can result from selection. Plants regulate the concentration of metal ions inside the cell 
through different mechanisms to minimize the potential damage that could result from the 
exposure to nonessential metal ions (Benavides et al., 2005). These mechanisms serve to control 
the update, accumulation and detoxification of metals (Foy et al., 1978). Selection of metal-
resistant genotypes has been demonstrated to occur rapidly, within one or two generations, in 
populations that contain the necessary genetic information (Wu et al., 1975). The intensity of the 
contamination and the amount of time the population has been exposed to the toxic levels are the 
main factors that may affect plant’s ability to tolerate metals.  
In the present study, we report the application of ISSR markers to the study of plant 
species with populations adapted to metals. In general, the appropriate timeframe for sampling 
genetic diversity to detect meaningful changes will vary according to species and to the 
environment. Most of the Northern Ontario sites were mining areas well known for the severity 
of environmental degradation. The populations of D. cespitosa in Cobalt are believed to have 
been there for a much greater amount of time than the populations in Sudbury. The Cobalt 
tailings are   more contaminated than the Sudbury soil. But the two sites selected in Sudbury 
(Kelly Lake and Wahnapitae wet lands) are the most metal-contaminated within the CGS. This 
has resulted in a decrease and possibly a loss of alleles at some loci and many rare alleles that 
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has lead ultimately to a lower genetic variation D. cespitosa populations sampled in 1999 
(Nkongolo et al., 2016). Evidence of loss of genetic variation at the population level caused by 
pollution has been demonstrated in other species (van Straalen and Timmermans, 2002; Lopes et 
al., 2004). Mengoni et al. (2001) using chloroplast microsatellite analysis showed a large 
reduction in genetic diversity associated with Silene paradoxa populations growing in copper-
contaminated soils.  
In the present study, the levels of genetic variation were moderate to high within targeted 
populations from Sudbury, Cobalt and Little Current. When the polymorphism levels between 
the 1999 and the 2015 samples were compared, there was an insignificant change in the overall 
percent of polymorphic loci in metal – uncontaminated site of Little Current (from 70% in 1999 
to 77% in 2015) and in a Cobalt Cart Lake site  (from 48% in 1999 to 55% in 2015).  But a 
significant decrease in genetic variation was observed in Wahnapitae site (from 72% in 1999 to 
54% in 2015). On the other hand, a significant increase was observed in Cobalt Nipissing (from 
46% in 1999 to 64% in 2015). The Kelly Lake site with the lowest level of polymorphic loci of 
42.5% in 2015 was not surveyed in 1999. The levels of observed number of alleles, Nei’s gene 
diversity, Shannon’s information index followed the same trend. 
The increase in genetic variation in Cobalt Nipissing population is surprising. It might be 
due to new genetic recombination involving de novo or outside sources of genetic materials that 
did change the genetic profile of this population. Since D. cespitosa is an open pollinated 
species, pollens from other areas transported by wind could be involved in reshuffling the 
genetic makeup of this population. This scenario is unlikely considering the distance between the 
two sites.   Since it is a short-lived species, it is expected that the samples collected are from at 
least three generations of genetic recombination. Hence de novo recombination without external 
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sources might be the most acceptable explanation especially if the alleles in the population were 
not fixed. The contribution of seeds carried by birds and anthropogenic activities must also not 
be discounted. The sharp decrease of genetic variation in Wahnapitae site might be due to 
population changes. It is known that gene flow into a population can counteract gene frequency 
changes because of selection, imposing a limit on local adaptation (Lenormand, 2002). It is 
possible that population surveyed in 2015 in this site was composed of survivors of the 1999 
population that was growing in soils with very high level of nickel leading to a decrease of 
genetic variation. 
The degree of genetic relatedness between sites has increased since the populations are 
more closely related than 16 years ago Error! Switch argument not specified. and Error! 
Switch argument not specified.).  A significant change in genetic distance is in part caused by a 
high gene flow. But, in the present study, the gene flow was low (< 1). Usually gene flow 
between 1 and 0.5, is weak but possibly effective for the transfer of favorable genes and values 
below 0.5 suggest that groups are almost or fully isolated (Wolf and Soltis, 1992; Lenormand, 
2002). Indeed, the level of difference in genetic variation observed between the two Sudbury 
sites suggests that gene exchange between them is limited. The same phenomenon was observed 
for the two Cobalt sites. Analysis of samples collected in 1999 also revealed a low level of gene 
flow among the targeted populations based on ISSR and microsatellite markers (Gervais and 
Nkongolo, 2011). The low level of gene flow can be explained by the geographic distance 
between the targeted populations as the closest sites are about 2 km away from each other and 
the most distant sites are > 300 km apart. The clustering of Cobalt and Sudbury populations 
strengthens the earlier theory that Sudbury populations of D. cespitosa might be from the Cobalt 
region (Frenckell-Insam and Hutchinson, 1993; Gervais and Nkongolo, 2011).  
28 
 
2.6 Conclusion 
 The present study showed that in two of the populations studied, the level of genetic 
variation is unchanged after 16 years of genetic recombination, in one population, polymorphic 
loci degree has increased while in another population it has decreased. The metal 
uncontaminated site showed the highest level of genetic variation compared to metal 
contaminated sites. The targeted populations are more genetically closely related than they were 
16 years ago. No population diagnostic ISSR marker was identified. 
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Chapter 3.  Toxicity of nickel and copper in Deschampsia cespitosa 
3.1 Abstract 
The objective of the current study is to determine the toxicity of nickel and copper at 
different doses in D. cespitosa under controlled conditions.  It was found that overall, copper was 
more toxic than nickel in the assays.  For nickel, no damage to plants was observed during the 
seven days of treatment with 5.6 mg/kg dose.  However, significant differences for damage 
rating, root, and leaf biomass were observed between the 1,600 mg/kg dose (representing the 
total Ni level found in contaminated Greater Sudbury soil) and the control (0.0 mg/kg).  The 
4,800 mg/kg treatment was extremely toxic as all the plants were dying (damage rating of 8 on a 
scale of 1 to 10) within 48 hours after the treatment.  For copper, no damage to plants was 
observed during the seven days of treatment with the 9.16 mg/kg dose.  Significant differences 
for damage rating, root and leaf biomass were observed between the 1,312 mg/kg dose 
(representing the total Cu level found in contaminated Greater Sudbury soil) and the control (0.0 
mg/kg).  The 3,936 mg/kg treatment was extremely toxic as all the plants were dying (damage 
rating of 8 on a scale of 1 to 10) within 48 hours after the treatment. 
3.2 Introduction  
While nickel and copper are essential for plant growth at low levels (Aubert and Pinta, 
1977; Shabala, 2017), exposure to higher concentrations can impede metabolic processes and 
results in high toxicity (Mishra and Kar, 1974; Cambrolle et al., 2015).  This often manifests in 
the form of oxidative stress and lipid peroxidation in plant tissues, limiting plant growth and 
leading to mortality or a severely reduced viable seed-bearing rate in susceptible species 
(Shabala, 2017).  In resistant species, heavy metal exposure has been shown to trigger resistance 
mechanisms (Bush and Barrett, 1993) which most often either reduce the metal’s reactivity 
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through complexing, or restricting the metals’ access to the plant’s tissues using selective 
membrane proteins (Theriault and Nkongolo, 2016).  Some species do the latter by adopting an 
exclusion strategy to avoid excessive uptake and transport of metal ions (Taylor, 1987; Mehes-
Smith and Nkongolo, 2015; Kalubi et al., 2015).  Avoiders restrict metals from entering the 
plant. Excluders accumulate metals in roots, but restrict their translocation to aerial parts (Baker, 
1981; Taylor, 1987).  In accumulator species, metals are concentrated in the above ground parts 
and, if harmful, are complexed and kept where they will not affect plant processes.  Recent field 
studies showed that Betula papyrifera accumulates nickel in leaves, but does not store copper in 
its tissues (Theriault et al., 2013, 2014).  Edaphic ecotypes tolerant to high levels of metal 
contamination have been reported around old mines and smelters (Kirkey et al., 2012).   
D. cespitosa, is also known for its ability to survive, adapt, and populate under marginal 
and contaminated conditions.  D. cespitosa inhabits many environment types (St. John et al., 
2011, VSDA Forest Service Fire Effects Information System) and has been shown to be resistant 
to metal contamination (Bush and Barrett, 1993; Cox and Hutchinson, 1980; Mehes-Smith and 
Nkongolo, 2015; Nkongolo et al., 2014).  It is categorized as an excluder by Mehes-Smith et al. 
(2013) since it limits metal translocation to its aboveground biomass, keeping the metals in its 
root mass.  However, the specific genetic mechanisms involved in responding to metal 
contamination are not well defined. 
The main objective of the present study was to determine the toxicity of nickel and 
copper at different doses in D. cespitosa under controlled conditions. 
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 3.3 Materials and Methods 
3.3.1 Seed Germination and Plant Growth 
D. cespitosa seeds were collected from two metal-contaminated sites (Wahnapitae and 
Coniston) in the Greater Sudbury Region (GSR), Ontario (Canada), and stored at 4°C.  The seeds 
were then germinated at 27°C within wet filter paper-lined Petawawa boxes.  Once germinated 
with a 1 cm leaf and 1cm root, they were transplanted into a peat moss/pearlite/vermiculite 
mixture and grown for four months at 27°C.  The plants were watered and fertilized as needed.  
After the four months elapsed, the plants were transplanted into a 50:50 mix of washed quartz 
sand and the peatmoss/pearlite/vermiculite mixture (Figure 7).  Plants were then left to grow for 
an additional month, until an average height of 20 cm was reached. 
 
Figure 7. D. cespitosa plants growing in a growth chamber. 
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3.3.2 Assessment of metal toxicity 
The present study focuses only on toxicity of Ni and Cu since they were the most 
preponderant elements in contaminated sites compared to uncontaminated areas in the RGS 
(Nkongolo et al., 2013).  To assess the toxicity of these two elements on D. cespitosa, plants 
were treated under controlled conditions in growth chambers.  Commercial Ni(NO3)2 and 
Cu(SO4) salts were used for Ni and Cu treatments respectively.  The experimental design was a 
completely randomized block with seven to ten replications per treatment. 
For nickel, there were three treatment groups of seven plants each which were treated 
with three doses of Ni(NO3)2 equivalent to 5.6 mg/kg (5.6 mg of Ni per 1 kg of dry soil), 1,600 
mg/kg (1,600 mg of Ni per 1 kg of dry soil), and 4,800 mg/kg (4,800 mg of Ni per 1 kg of dry 
soil) and a seven-plant water control group (0 mg/kg).  The dosage of 5.6 mg/kg Ni corresponds 
to the published bioavailable amount of nickel in contaminated sites while 1,600 mg/kg Ni is the 
level of total nickel found in contaminated sites in the RGS as described in Nkongolo et al. 
(2013). 
For copper, the dosages included 9.16 mg/kg (9.16 mg of Cu per 1 kg of dry soil), 1,312 
mg/kg (1,312 mg of Cu per 1 kg of dry soil), and 3,936 mg/kg (3,936 mg of Cu per 1 kg of dry 
soil) which are respectively equivalent to bioavailable, total at site, and three times the amount of 
total Cu in contaminated sites. 
A water treatment (0 mg of Ni or Cu per 1 kg of dry soil) was used as a control.  
Potassium nitrate (KNO3) and potassium sulfate (K2SO4) treatments were used for three control 
concentrations for the nitrate and sulfate concentrations of the respective metal salts.  The 4,800 
mg/kg Ni (18 mmol of Ni), 1,600 mg/kg Ni (6 mmol of Ni), and 5.56 mg/kg Ni (0.021 mmol of 
Ni) contained 36 mmol, 12 mmol, and 0.042 mmol of nitrate, respectively.  The 3,936 mg/kg, 
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1,312 mg/kg, and 9.16 mg/kg of Cu corresponded to 30 mmol, 10 mmol, and 0.063 mmol of Cu, 
respectively.  The same molarity was used of the KNO3 and K2SO4 salts. 
All treatments were administrated in water.  All dosages were based on dry soil weight 
and the measured total amount of nickel found in contaminated mining-affected soils of Northern 
Ontario. Damage was assessed every two days on a scale of 1 to 9 described in Table 4.  
Genotypes with damage ratings of 1 to 3 were considered resistant genotypes (RG), 4 to 6, 
moderately susceptible (MSG), and 7 to 9 susceptible (SG).  Table 4 depicts RG, MSG, and SG. 
3.3.3 Statistical analysis 
SPSS version 20 for Windows was used to analyze the growth rate and damage rating 
data for both metal experiments.  In order to achieve a normal distribution, the data was log 
transformed.  Data sets were analyzed via ANOVA followed by Tukey’s HSD multiple 
comparison analysis, to determine the significant differences between the means (P < 0.05). 
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Table 4. Damage rating scale and plant classification based on reaction to nickel and copper 
treatments. 
 
 
 
 
 
 
 
 
  
% of Leaf area 
with 
chlorosis/necrosis 
Damage Rating Genotype Classification 
  
 0-10 
 
1 
 
10-20 2 Resistant (RG) 
20-30 3  
 
30-40 
 
4 
 
40-50 5 Moderately Susceptible (MSG) 
50-60 6  
   
60-70 7  
70-80 8 Susceptible (SG) 
> 80 9-10 
 
 
35 
 
a)   
b)  
Figure 8. Deschampsia cespitosa treated with 1,600 mg/kg a) at day 1 after treatment and b) day 
7 after treatment. 
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a)  
b)  
Figure 9. Deschampsia cespitosa treated with 1,312 mg/kg of copper a) at day 1 after treatment 
and b) day 7 after treatment. 
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Figure 10. Growth rate by of Deschampsia cespitosa treated with different doses of nickel.  Six 
days elapsed. 
 
Figure 11. Growth rate by of Deschampsia cespitosa treated with different doses of copper.  Six 
days elapsed. 
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Table 5. Damage rating of Deschampsia cespitosa treated with different doses of nickel and 
copper. 
 
Treatment 
Soil 
concentration 
(mg/kg) 
 
Damage rating 
  Days after treatment 
  Day 2 Day 4 Day 6 
Ni 5.56 1a 1a 1a 
1,600 3.3b 6.6b 8.6b 
4,800 7.6c 9.3c 9.8c 
     
 
Copper 
9.16 1a 1a 1a 
1,312 4.8b 8.1b 9b 
3,936 5.5b 8.9b 9b 
 
ANOVA, followed by Tukey’s HSD multiple comparison analysis, were performed to determine 
significant differences among means. Means followed by different letters for each element 
(nickel, copper) are significantly different (P< 0.05; n = 15). 
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3.4 Results  
In the present study, we focused on testing the toxicity of bioavailable and total Ni and 
Cu in soil.  Bioavailable metals are the proportion of total metals in soil that are available for 
incorporation into biota (Abedin et al., 2012; Narendrula et al., 2013; Nkongolo et al., 2013).  
Significant differences for damage rating and growth rate were observed among nickel dosages 
after seven days of treatment based on ANOVA and Tukey mean comparison tests.  Plant 
reactions to Ni and Cu treatments are summarized in Table 5.  No significant damage was 
observed during the seven days of treatment with the concentration of nickel at 5.6 mg/kg dosage 
corresponding to bioavailable amount at site.  At day 6 after nickel treatments, the mean damage 
ratings for 1,600 mg/kg and 4,800 mg/kg dosages were 8.6 and 9.8, respectively (Figure 8 and 
Table 5).  The 4,800 mg/kg dose was extremely toxic as all the plants died within 48 hours of the 
treatment. 
In general, the reaction of D. cespitosa to copper treatment follows the same pattern as 
nickel.  No toxicity was observed for the 9.16 mg/kg (amount of bioavailable Cu in the natural 
site) throughout the experiment (Table 5).  Significant differences in plant damage and growth 
rate were observed between the 9.16 mg/kg and 1,312 mg/kg dosages throughout the sixth day of 
the trial (Error! Switch argument not specified., Error! Switch argument not specified. and 
Table 5).  In fact, the average rating at day 6 for this latter dose was 9, compared to the rating of 
1 for the former dosage (9.16 mg/kg).  This 1,312 mg/kg treatment represents the total Cu level 
in the Greater Sudbury soil or 143 fold the amount of bioavailable Cu.  The highest dose of 3,929 
mg/kg resulted in severe damage on plants two days after the treatment and almost all the plants 
were dead within four days of Cu application. 
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3.5 Discussion 
In the present study, the effects of three nickel and copper bioavailable concentrations 
were examined.  They include 5.56 mg/kg, 1,600 mg/kg, and 4,800 mg/kg for nickel and 9.16 
mg/kg, 1,312 mg/kg, and 3,936 mg/kg for copper.  For reference purposes, a mean total Ni 
content of 26.8 mg/kg is considered to be representative of typical Ni concentration in Canadian 
background soil.  This excludes areas of Ni enriched rocks and Ni bearing mineral occurrences 
(Sheppard et al., 2007).  The average total copper concentration in Canada soil is estimated to be 
20 mg/kg (McKeague and Wolynetz, 1980).   
Overall, this study indicates that D. cespitosa is tolerant to low doses of Ni and Cu 
similar to the bioavailable levels in contaminated sites.  The treatments at high doses of 1,600 
mg/kg of Ni and 1,912 mg/kg of Cu revealed that this species is susceptible to high doses of both 
nickel and copper.  Theriault et al. (2016) treated Betula papyrifera with nickel salts and 
revealed no significant damage caused by nickel at 5.6 mg/kg dosage (Theriault et al., 2016).  At 
day 8 after nickel treatments, the mean damage ratings for 1,600 mg/kg and 4,800 mg/kg dosages 
were 5.7 and 9, respectively.  The 4,800 mg/kg dose was extremely toxic as all the plants died 
within 48 hours of the treatment.  Djeukam et al. (2016) also reported no significant damage 
caused by Cu at 9.16 mg/kg dosage on Betula papyrifera.  However, in the present study 
significant differences in plant damage ratings were found between the 9.16 mg/kg and 1,312 
mg/kg dosages.  The highest dose of 3,929 mg/kg resulted in severe damage on plants two days 
after the treatment and almost all the plants were dead within four days of Cu application.  There 
was a trend of reduced plant growth as the dosage increased.  No significant difference in plant 
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growth was observed between 9.16 mg/kg and the control and 1,312 mg/kg and 3,936 mg/kg 
dosages (Figure 11). 
Several studies have demonstrated that an oxidative stress is involved in metal toxicity in 
plants, either by inducing oxygen free radical production or by decreasing enzymatic and non-
enzymatic anti-oxidants (Fornazier et al., 2002; Cho et al., 2003; Cho and Seo, 2004; Theriault et 
al., 2016a). The sensibility or resistance of plants to metals depends on physiological and 
molecular mechanisms that include uptake and accumulation of metals usually by binding to 
extracellular exudates and cell wall complexation of ions inside the cells.  Some plants prevent 
metal ions from entering the cytosol through the action of plasma membrane (Benavides et al.,  
2005; Kalubi et al. 2015; Theriault et al., 2014).  Overall the scarcity of knowledge on 
mechanisms of Ni and Cu homeostasis, uptake, transport, and accumulation in D. cespitosa limit 
our understanding of relationship between metal toxicity and plant genetic response. 
3.6 Conclusion 
 
 Significant differences between low and high dose of nickel and copper were observed 
for damage rating and plant growth in the growth chamber screening tests. 
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Chapter 4. Cytogenetic analysis of Deschampsia cespitosa genotypes from metal 
contaminated and uncontaminated sites in Northern Ontario 
4.1 Abstract 
 The objective of this study is to investigate cytological damages caused by metals in 
Deschampsia cespitosa growing in Northern Ontario.  It was found that metal-contaminated sites 
significantly increased the level of aneuploidy compared to reference sites.  However, the 
cytological instability did not result in poor plant health.  The benefits of the outcrossing and 
large seed counts of D. cespitosa are thought to negate the long-term effects of aneuploidy. 
4.2 Introduction 
Soil metal contamination is found in various parts of the world.  These toxic sites result 
from either natural processes such as acidic, saline, and serpentine soils or by anthropogenic 
effects such as mining activities, aerial fallout and the run-off from galvanized sources of 
electricity pylons or motorway verges polluted by vehicle exhaust fumes (Bradshaw, 1984). 
Northern Ontario (Canada), especially the Greater Sudbury Region, has a long history of 
mining activities dating back to 1888.  Soil and ground water contamination with Co, Cu, and Ni 
came from deposition of aerial pollutants from smelting operations.  Elevated Al and Fe levels 
are also found in this region.  These elevated metal levels resulted in barren and semi-barren 
landscapes.  The natural recovery of this area has been impeded by various factors such as the 
elevated levels of total and available metal in surface soils.  Nkongolo et al. (2008), 
Dobrzeniecka et al. (2011) and Nkongolo et al. (2013) reported high concentrations of Cu and Ni 
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close to the smelter.  This excessive concentration can have deleterious effects on the 
surrounding ecosystems (Kopittke et al., 2010). 
Excess Ni can reduce plant biomass and induce leaf deformities, chlorosis, and necrosis.  
Ni phytotoxicity can inhibit the activity of some enzymes, reduce the uptake and translocation of 
some nutrients, and decrease cell division (Nishida et al., 2011; Solanki and Dhankhar, 2011).  
The precise mechanism(s) by which Ni toxicity limits the growth of plants are not well 
understood (Seregin and Kozhevnikova, 2006).  Similarly, an elevated Cu concentration in the 
soil can also lead to symptoms of toxicity, including root tissue damage, increased permeability 
of the root cell plasma membrane, inhibition of photosynthesis, and DNA damage (Paschke and 
Redente, 2002). 
Phytoremediation can improve nutrient soil conditions leading to the establishment of a 
self-sustaining vegetative cover, which in turn can prevent wind and water erosion of the toxic 
soil (Wei et al., 2005).  This technique can be used to remove, stabilize and detoxify organic and 
inorganic pollutants including heavy metals from soil and liquid substrates as well as in air (Salt 
et al., 1998).  Plant species selected for this purpose should grow and spread quickly, as well as 
be able to establish an effective soil cover.  They should also have adapted to the polluted soil in 
addition to the local climate (Wei et al., 2005). D. cespitosa has naturally colonized metal 
contaminated soils, an indication of its metal tolerance characteristics. 
Until now, most of the genetic studies on species with metalliferous populations have 
dealt with the genetic determinism of metal tolerance (Bert et al., 2002; Zha et al., 2004; Willems 
et al., 2007; Roosens et al., 2008).  Such studies have yielded valuable insight into the 
mechanisms that might underlie plant adaptation to metal availability in lower plants.  No study 
has been conducted to determine the tolerance mechanism and tissue allocation of Cu and Ni (the 
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main contaminants in Northern Ontario) in D. cespitosa.  Tolerance, metal uptake and 
compartmentalization are variable among species.  The phytotoxic threshold is unknown, as are 
the internal toxic effects. 
Dechampsia cespitosa has shown a remarkable ability to colonize and dominate metal 
contaminated lands. They have colonized several thousands of hectares of barren lands in the 
Greater Sudbury Region, following the construction of the Super Stack in 1972 (Nkongolo et al., 
2001).  However, knowledge of physiological mechanisms involved in D. cespitosa metal 
tolerance as well as the cytological effects of metals on these ecotypes is limited.  Despite the 
recent exploitation of high-throughput methodologies such as cDNA microarrays, the overall 
picture of plant responses to metal contamination is far from complete.  Likewise, the effects of 
long term exposure to high levels of metal on cytological stability in D. cespitosa population are 
not fully understood. 
The main objective of the present study is to investigate the effects of metals, specifically 
Cu and Ni, on cytological stability of D. cespitosa plants. 
4.3 Material and Methods 
4.3.1 Sampling 
Deschampsia cespitosa populations from three wet land sites in Northern Ontario 
(Wahnapitae Hill, Coniston Hydro, Kelly Lake), and two reference sites (over 100 km distant) at 
Low Water and Mississagi Lighthouse were selected for metal analysis (Figure 12).  Soil, root, 
shoot, and foliage samples were collected from 16 plants in each of the metal contaminated and 
the reference sites.  For each plant, 10 small soil samples from the rhizosphere were collected.  
Around 10 roots of the same size were harvested from each plant. The roots from each plant 
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were pulled and cleaned with water to remove any external debris and soil.  Overall, 5 to 10 
shoot and foliage samples from different tillers of the same plant were collected. 
4.3.2 Cytological analysis 
Root samples for cytological analysis were collected only from D. cespitosa plants 
growing in wetlands for over ten years. These sites included two metal contaminated areas: 
Wahnapitae Hill and Coniston Hydro, as well as two reference sites: Low Water and Mississagi 
Lighthouse. The site conditions were optimal for root meristematic cell division.  A 2-4 cm 
terminal portion of each root was pretreated in ice water for 48 h.  They were then fixed in 3:1 
ethanol: glacial acetic acid for at least 1 h. The samples were stained with acetocarmine 30 
minutes prior to examination. The squash preparations were made with glacial acetic acid.  Cells 
at different mitotic stages were analyzed in all preparations derived from root as previously 
described in Nkongolo and Klimaszewska (1995), Mehes-Smith et al. (2009) and Mehes-Smith 
et al. (2011). For each plant, chromosomes were counted in 40 metaphases and pro-metaphase 
cells. The presence of bridges, lagging chromosomes and chromosome fragments was 
determined for anaphase and early-telophase cells. 
4.4 Results 
Cytological analysis was conducted only for D. cespitosa.  This analysis revealed a 
significant increase of the level of aneuploidy in metal-contaminated sites compared to the 
reference sites.  Figure 13 depicts examples of normal and abnormal mitotic cells in samples that 
were analyzed. Overall, 100% of plants from contaminated areas exhibited varying degrees of 
mixoploidy compared to 17% for the reference sites.  The most frequent abnormality observed in 
D. cespitosa plants was the changes in chromosome number at metaphase.  This was followed by 
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the presence of lagging chromosomes during anaphase.  None of the plants from the metal 
contaminated sites were 100% euploid since they all exhibited varying levels of aneuploidy 
(Table 6).  Only hypoploids (n < 26) cells were observed in all the mixoploid plants.  These high 
levels of mitotic abnormalities did not seem to affect D. cespitosa survival and growth in highly 
metal-contaminated sites. 
4.5 Discussion 
4.5.1 Mitotic Instability  
  Tufted hairgrass (D. cespitosa) exist in two different cytotypes that include diploids (2n = 
26) and tetraploid (2n = 52) (Brilman and Watkins, 2003).  A previous survey of Northern 
Ontario (Canada) ecotypes revealed only the presence of diploid form in all the targeted areas 
(Nkongolo et al., 2001).  In the present study, a high level of aneuploidy and mixoploidy was 
observed in genotypes growing on metal contaminated soils.  Theoretically, it is expected that 
over few generations, the mitotic abnormalities should result in meiotic instability that will 
eventually affect the long term sustainability of these populations.  Since D. cespitosa is an 
outcrossing species and produces a large number of seeds every year, these characteristics should 
negate the long term effects of aneuploidy by maintaining a sufficient portion of euploid 
genotypes over time. 
The practical biological significance of the mixoploidy in D. cespitosa populations is 
minimal since a significant level of seeds with complete euploid cells was recovered in the next 
generation.  This is probability due to the open pollination between aneuploidy and euploid 
genotype.  This high level of mitotic instability contrasts however with cytological stability 
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observed in Picea mariana (black spruce) trees growing in the same areas (Dobrzeniecka et al., 
2011). 
Aneuploidy is a condition in which cells acquire a karyotype that is not a whole-number 
multiple of the haploid complement.  This deviation from the normal chromosome number can 
involve the loss (monosomy) or gain (trisomy) of one or more individual chromosome(s) or large 
chromosomal segments (segmental aneuploidy).  In the present study, all the aneuploid cells 
were hypoploid.  Within species, different aneuploidies induced similar changes in gene 
expression, independent of the specific chromosomal aberrations.  The imbalance of genes on the 
affected chromosomes can cause severe phenotypic syndromes in both plants and animals 
(Birchler and Veitia, 2007; Dierssen et al., 2009).  Although plants are generally more tolerant to 
aneuploidy than animals (Matzke et al. 2003), aneuploid plants exhibit a variety of phenotypic 
syndromes, including developmental delays, partial sterility, and alterations in plant architecture 
(Birchler and Veitia, 2007; Birchler et al., 2001; Makarevitch et al., 2008; Makarevitch and 
Harris 2010). 
There is substantial variation in the plant ability to tolerate gene dosage imbalance caused 
by aneuploidy, both among different plant species and among varieties of the same species 
(Henry et al., 2007; Henry et al., 2005).  In the present study, the level of aneuploid cells was 
very high, but most of the plants exhibit mixoploidy.  Considering that the balance in gene 
dosage is essential for normal function, the absence of abnormal phenoptype for all the 
mixoploid plants observed in metal contaminated sites can be attributed to the compensation in 
genes expressions by euploid cells within each genotype.  Studies of dosage regulations showed 
that there is an equal gene expression regardless of the copy number of the respective gene in 
aneuploids involving significant cytological length.  This indicates that gene expression is often 
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dosage compensated (Birchler et al., 2001; Cooper and Birchler, 2001).  There is still only a 
limited understanding in the literature of the molecular mechanisms that lead to phenotypic 
alterations in aneuploid organisms as well as gene interactions involved in coping with gene 
dosage imbalance caused by aneuploidy on the global genomic level. 
Previous analysis of conifer seedlings from trees growing in metal – contaminated sites in 
the targeted areas showed cytological stability of all the progenies that were analyzed 
(Dobrzeniecka et al., 2011).  This suggests that the cytological disturbance might not be as 
severe in tree genotypes as it is in grass such as D. cespitosa. 
4.6 Conclusion 
 
Cytological analysis showed clearly that long exposure of roots to high levels of metal 
lead to significant mitotic disruption. However, this overall cytological instability did not result 
in poor plant health or significant morphological changes compared to genotypes from reference 
sites. This suggests dosage compensation for gene expression in the mixoploid genotypes 
analyzed.
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Table 6. Chromosome number, mixoploidy levels, and anaphase abnormalities in D. cespitosa plants from Northern Ontario. 
Location No. of chromosomes 
(range) 
Mixoploid plants 
(%) 
Cells with anaphase lagging 
chromosomes (%) 
    
 Wahnapitae Hill  19-26 100 28 
 Coniston Hydro 21-26 100 25 
    
 Low Water (Reference site) 18-26 17 0 
 Mississagi Lighthouse (Reference site) 
 
18-26 17 0 
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Figure 12. Map of Northern Ontario showing Deschampsia cespitosa sampling sites (Sites 1 to 5: Deschampsia cespitosa) 
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Figure 13. Major stages in the mitotic sequence in Deschampsia cespitosa. 
a) All the photos show regular mitotic events (i-metaphase (n = 26; ii-anaphase; iii-telophase); b) All the photos show irregular mitotic 
events {i-metaphase (n = 24); ii-anaphase with a lagging chromosome; iii-late telophase with a lagging chromosome}. Arrows 
indicate lagging chromosomes. 
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Chapter 5.  General Discussion and Conclusions 
Deschampsia cespitosa (Tufted hairgrass) has a very large growth range, while also being 
one of the few species that can grow on some of the most metal contaminated sites in Greater 
Sudbury and Cobalt.  It has been shown to be a species that accumulates metals in its roots while 
also excluding those elements from translocating to its aerial tissues.  However, neither the 
toxicity levels of the metals nor the specific resistance mechanism are known.  The long-term 
effects of metal stress on the mitotic and meiotic behaviours, as well as genetic variation levels 
in Deschampsia cespitosa also require investigation.  The main objectives of this study are to 1) 
reassess the level of genetic variation in D. cespitosa from three regions contaminated or 
uncontaminated with metals in Northern Ontario; 2) determine the degree of toxicity of nickel 
and copper on D. cespitosa; and 3) investigate cytological damages caused by metals in D. 
cespitosa growing in Northern Ontario. 
As a result of mining-related activities, the Cobalt and Greater Sudbury regions have high 
total metal concentrations.  Deschampsia cespitosa has remained a predominant species on sites 
in the affected areas, both before and throughout the remediation efforts.  Due to the selective 
pressure of metal stress, it is expected that a loss of alleles would indirectly occur while selecting 
for metal-resistance traits.  Monitoring genetic diversity over generations of the same population 
can give a reading on the gene pool health of a population, and can be used to assess the effect of 
not only the stressor, but also the impact of any remediation efforts in the area. 
The current study utilized ISSR to reassess the genetic diversity of five Norther Ontario 
populations of Deschampsia cespitosa.  The sites and the primers used on the 1999 samples were 
matched in this study of the 2015 populations.  There was an insignificant change in the overall 
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percent of polymorphic loci in the metal – uncontaminated site of Little Current (from 70% in 
1999 to 77% in 2015) and in a Cobalt Cart Lake site (from 48% in 1999 to 55% in 2015).  
However, a significant decrease in genetic variation was observed in the Coniston/Wahnapitae 
site (from 72% in 1999 to 54% in 2015), while an increase was observed in Cobalt Nipissing 
(from 46% in 1999 to 64% in 2015).  The Kelly Lake site with the lowest level of polymorphic 
loci of 42.5% in 2015 was not surveyed in 1999. 
The degree of genetic relatedness between sites has increased since the populations are 
more closely related than 16 years ago.  The clustering of Cobalt and Sudbury populations 
strengthens the earlier theory that Sudbury populations of D. cespitosa might be from the Cobalt 
region. 
The degree of toxicity of nickel and copper on D. cespitosa was investigated under 
controlled conditions, with the metal concentrations decided upon based off of previous soil 
analyses of the sites.  In the assays, it was found that copper is more toxic than nickel.  Neither 
copper nor nickel caused damage to plants while present at a normal bioavailable dosage.  At 
higher dosages (1600 mg/kg and 1312 mg/kg) for nickel and copper respectively, there were 
significant differences between the plant response at those dosages and the control and 
bioavailable dosages.  The highest doses (4800 mg/kg and 3936 mg/kg) caused severe damage 
due to the metal toxicity within 48 hours of treatment with nickel and copper respectively.  A 
similar trend was found regarding growth rate. 
Cytological analysis for D. cespitosa revealed significant mitotic disruption from long 
term exposure of roots to high levels of metal frequently manifested through aneuploidy in 
metal-contaminated sites when compared to the reference sites.  All plants from contaminated 
54 
 
areas exhibited varying degrees of mixoploidy compared to 17% for the reference sites.  The 
most frequent abnormalities observed in D. cespitosa plants was a change in chromosome 
number at metaphase followed by the presence of lagging chromosomes during anaphase.  None 
of the plants from the metal contaminated sites were 100% euploid; they all exhibited varying 
levels of aneuploidy and only hypoploids (n < 26) cells were observed in all the mixoploid 
plants.  It is expected that theoretically over a few generations, the mitotic abnormalities should 
result in meiotic instability that eventually affect the long term sustainability of these 
populations.  However, since D. cespitosa is an outcrossing species and produces a large number 
of seeds every year, these characteristics should negate the long term effects of aneuploidy by 
maintaining a sufficient portion of euploid genotypes.  These high levels of mitotic abnormalities 
did not seem to affect D. cespitosa survival and growth in highly metal-contaminated sites. 
Further studies 
Exposure to high metal concentrations of nickel and/or copper have been found to trigger the 
activation of specific gene response mechanisms in model species (Visioli et al., 2014; Mari et 
al., 2006; Kobayashi et al., 2008; Keinanen et al., 2007; Guo et al., 2008). 
A study on differential gene expression levels would give further insight on the coping 
mechanisms used by this species to deal with metals.  In recent years, similar studies on the 
expression of Ni and Cu-related genes have been performed on white birch (Theriault et al., 
2016; Djeukam et al., 2016), and red oak (Makela et al., 2016).  Transcriptome analysis can also 
help identify genes that are differentially expressed at different levels of nickel and copper. 
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Appendix 1. Deschampsia cespitosa 
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Appendix 2. Cobalt 3 (Cart Lake Tailings) sampling site July 2015. 
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Appendix 3. Cobalt 1 (Nipissing Tailings) sampling site July 2015.
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a)  
b)  
Appendix 4. a) Roast beds of wood with ore piled on top, b) set aflame to smoulder for months. 
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Appendix 5. Copper Cliff smelter 
 
 
